The virulent Pseudomonas aeruginosa bacteriophage LUZ24 (45,625 bp) was isolated from hospital sewage. It belongs to the family of the Podoviridae, and carries a bidirectionally splicing of a 668 bp Group I intron embedded inside the DNA polymerase gene. Using mass spectrometry, nine structural proteins were identified as part of the phage particle. The lytic characteristics of LUZ24 are evaluated against its genomic content, which displays an overall 71% sequence similarity to the temperate phage PaP3.
INTRODUCTION
In current databases, five types of Pseudomonas-infecting Podoviridae can be distinguished based on genome organization and behaviour during infection. While gh-1 is a stricto sensu T7-like lytic phage (Kovalyova and Kropinski, 2003) , the Ï †KMV-like phages form a genus of widespread and highly virulent phages with a genome architecture which only roughly resembles T7 (Lavigne et al., 2003) . A third group includes uncharacterized temperate phages Pap2 (NC_005884) and 119X (NC_007807), which display 93% nucleotide sequence identity (Kwan et al., 2006) . As a fourth type, the temperate and pilus-specific phage F116 (65, 195 bp) replicates extrachromosomally as a plasmid during its lysogenic cycle and is considered as a genomic orphan (Byrne and Kropinski, 2005) . Finally, phage PaP3 (NC_004466) is also described as a temperate phage and unrelated to any known phage. The PaP3 genome has 5'-protruding cohesive ends, and is able to integrate into the tRNA lys gene of its host (Tan et al., 2007) . We present here a detailed analysis of the particle structure, infectivity and genomic content of P. aeruginosa phage LUZ24, which was isolated as a virulent phage, but proved to be closely related to PaP3.
RESULTS
Phage characteristics. Phage LUZ24 was isolated from hospital sewage using the clinical P.
aeruginosa strain Li010 (Pirnay et al., 2002) as enrichment host. Phage particle morphology clearly classifies LUZ24 within the Podoviridae family of short-tailed phages, consisting of an icosahedral head with a 63 nm diameter and a short and banded tail of 12 x 8 nm. Some decoration proteins can be distinguished, protruding from the phage capsid ( Figure 1A ).
Standard stability assays show that LUZ24 retains its infectivity from pH 4 up to pHÂ 11, but titer levels drop 80% after 9 months of storage at 4Â°C in standard phage buffer (pH 7.5).
When LUZ24 is incubated with P. aeruginosa strain Li010, large (5 mm) and clear plaques arise, and spontaneous resistant P. aeruginosa colonies only appear after 48 hours of incubation. One-step growth experiments show an efficient adsorption (81% in 5 min) and a short latent period (approx. 40 minutes), which leads to an average release of 64 phage particles for each infected cell (Supplementary figure S1).
Extensive host range screenings on environmental and clinical P. aeruginosa strains (Pirnay et al., 2002) show that LUZ24 lyses 36 out of 123 (29%) strains, including multi-drug resistant P. aeruginosa strains Br642 and Br776. Surprisingly, only small and turbid plaques (1Â mm) arise after infection of P. aeruginosa PAO1, although a slightly more efficient adsorption (91% in 5Â min) and no significant difference in latent period or burst size could be noted (Supplementary figure S1) . Figure S2) . As found in similarly organized phages, the opposing transcriptional gene clusters are separated by a strong bidirectional terminator (Table 2 ).
The genome of LUZ24 displays an overall nucleotide identity of 71% to phage PaP3. Eight small insertions/deletions are present and 88% of the encoded gene products are related between both phages (Table 1, Figure 2 ). However, the cos site identified in PaP3 is not conserved in LUZ24, and no difference in restriction patterns could be observed if samples were heated to 80Â°C prior to separation on a 1% agarose gel (data not shown). Moreover, only two tRNA genes (tRNA Asn and tRNA Pro ) are present at the right end of the LUZ24
genome, compared to four in PaP3. The evolutionary advantage of these tRNA genes seems rather small, since no clear codon preference in LUZ24 compared to P. aeruginosa could be detected.
To experimentally identify bacterial promoters in LUZ24, a threefold redundant fragment (200-300 bp) library was generated in the broad-spectrum promoter trap vector pTZ110 (Schweizer and Chuanchuen, 2001) . Promoter activity was determined quantitatively in P.
aeruginosa cells by measuring the Î²-galactosidase activity in a Miller assay (Miller, 1992) .
Seven Ïƒ 70 -specific promoter regions were identified, spread throughout the genome and displaying a clear P. aeruginosa consensus sequences (TTGACa-N 17 -TATaaT, Table 2 ) (Dominguez-Cuevas and Sylvia, 2004) . This indicates the dependency of LUZ24 on the transcriptional machinery of its host throughout the entire infection cycle. Promoters located in the right arm are clearly stronger, which might be explained by the presence of A-rich tracts upstream the -35 and -10 regions, a phenomenon also observed in phages T4 and T5 (Miller et al., 2003) .
Genes involved in host conversion and metabolism. Since LUZ24 (and PaP3) diverged strongly from other currently investigated phages, only a limited number of protein functions could be predicted by similarity searches. Especially proteins presumed to be involved early in the infection process can differ considerably, even between very closely related phages ( Figure 2 ) (Ceyssens et al., 2006) . One exception is ORF2, which is conserved in PaP3, in the entire Ï †KMV genus and in phage PA11, suggesting a crucial role in infection and/or conversion of P. aeruginosa.
The middle genome region of LUZ24 encodes proteins involved in biosynthesis (gp18-22)
followed by a phage T7-type genome replication module, with a primase-helicase (gp24) encoded directly upstream the DNA polymerase. Based on mutual sequence comparisons, we
propose the annotation of a new ORF in PaP3 (ORF23.1, 21674-21465), which is perfectly well conserved in LUZ24 (ORF46). While the PaP3 DNA polymerase is composed of two separate polypeptides (Tan et al., 2007) . LUZ24 carries an endonuclease VII (ORF35) inserted within the `core' polymerase, splitting the DNA polymerase gene in three separate parts (ORFs 25, 34 and 36, Figure 3 ). However, closer inspection revealed the presence of a group I intron-like sequence, which may have inserted into the phage genome through the process of homing (Sandegren and SjÃ ¶berg, 2007) . To confirm the presence of this predicted intron, total RNA was isolated from infected P. aeruginosa cells PCR performed on firststrand cDNA yielded smaller products compared to control reactions on LUZ24 DNA template ( Figure 3 ). Subsequent cycle sequencing using ORF primer P F and internal primers P f1 , P f2 and P ir revealed the absence of the predicted 668 bp fragment in the cDNA. The self-splicing of this intron completely restores the reading frame of the large DNA polymerase subunit.
Despite the lack of nucleotide similarity to other phage introns, the embedded endonuclease is related to the intron-associated endonuclease of Synechococcus phage S-PM2 (Mann et al., 2005) and resembles (among others) free-standing endonucleases of T7-like Yersinia phages
Berlin and phiYeO3-12. A comparable 787 bp insertion containing a similar endonuclease is also present in the DNA polymerase gene of T7-like phage Pf-WMP3 (EF537008), strongly suggesting the presence of a self-splicing intron in the genome of this cyanophage.
The presence of this intron within the DNA polymerase gene of LUZ24 confirms a common theme seen in many phage genomes, i.e., that phage introns target highly conserved regions within functionally important genes. It is speculated that these introns might confer a selective advantage to the phage by offering the possibility of regulating the expression of the introncontaining genes by the regulation of splicing (Mann et al., 2005) . By providing the first experimental evidence of a self-splicing intron in the genome of a Pseudomonas phage, we support the current hypothesis that there seems no barrier for intron maintenance within the phages of the Proteobacteria (Bonocora and Shub, 2004) .
Particle formation and host lysis. The genes transcribed from the right arm are involved in virion assembly and host lysis, and follow a conserved gene order with the large subunit of the terminase (gp66) encoded downstream the portal (gp65), scaffolding (gp63) and the capsid protein (gp62). Following this conserved genomic organization, upstream ORFs probably encode the internal core, tail tube and tail fibers, but only a tail collar domain (gp57)
could be predicted through similarity searches. To obtain a more comprehensive view of the structural region, individual proteins within the mature phage particle were identified with ESI-MS/MS. Mass spectrometric analysis of denaturated phage particles, with and without prior fractionation on a 1D-SDS PAGE gel ( Figure 1B) , identified nine structural gene products with a total protein coverage ranging from 13 to 88% (Table 1 ). This analysis delineates the structural region from gp49 to gp65, and confirms gp62 as the most abundant protein in the particle. Surprisingly, gp57 has a tail collar domain and displays similarity to tail fiber proteins of many Yersinia phages, but is not identified in this analysis. This is most likely due to the underrepresentation of arginine and lysine residues in its primary protein sequence, which precludes suitable trypsinization for peptide identification. All other nonidentified predicted proteins in this region are rather small (<12 kDa) and may have fallen below the threshold for detection.
The encoded terminases of LUZ24 (gp66) and PaP3 (gp3) are strongly related to the wellcharacterized terminase of phage P22 (Blastp e-value of 4E-69), which catalyses the sequential headful packaging of P22 DNA leading to both terminal redundancy and circular permutation (Wu et al., 2002) .
The lysozyme of LUZ24 (gp67) is encoded between both subunits of the terminase, and carries the conserved catalytic residues E32 and D41. It lacks a cell wall binding module, but is probably able to reach the peptidoglycan layer with the help of gp31. This short protein has three transmembrane domains and carries a positively charged intracellular C-terminal end (DRVFHKKA), typical for class I holins (Wang et al., 2000) .
DISCUSSION
It seems unlikely that the newly isolated phage LUZ24 has a temperate nature, despite being very homologous to PaP3. LUZ24 shares its bidirectional genome organization with a vast number of virulent phages like cyanophages P60, Pf-WMP3 and Pf-WMP4, roseophage SIO1 and vibriophage VpV262 (Liu et al., 2007) . Corresponding to the latter phages, it carries DTRs at the genomic ends and lacks any gene or regulatory systems which suggest integration or lysogenic behaviour in its host bacterium. The P. aeruginosa tRNA lys gene is proposed as PaP3 integration site (Tan et al., 2007) , but in contrast to other tRNA-integrating phages like mycobacteriophage Ms6 (Freitas-Vieira et al., 1998) and Streptococcus phage T12 (McShan and Ferretti, 1997) , no site-specific recombinase is encoded upstream or downstream the PaP3 attP site. Although filamentous ssDNA phages like ctxÏ † exist which recruit host-encoded recombinases, underlying mechanisms differ profoundly and integrationassociated proteins like RstB are encoded in the ctxÏ † genome (Davis and Waldor, 2000) .
Furthermore, neither immunity nor reactivation of the integrated PaP3 DNA was demonstrated by Tan et al. (2007) . These arguments call into question the temperate nature of PaP3, although very closely related temperate and lytic phages have been reported before, i.e.
phages L5 and D29 (Ford et al., 1998) .
Another intriguing finding is that the end structures of virion chromosomes of both PaP3 (5'-protuding cohesive ends) and LUZ24 (184 bp DTRs, Supplementary Figure 2 ) differ from those observed in P22, despite the fact that their terminases are strongly related. The same observation was made in the recently sequenced E. coli phage phiEco32, which carries 193-bp direct repeats and also encodes a P22-like terminase (Savalia et al., 2008) . At first glance, this seems to contradict current theory that the structure of virion DNA ends can be accurately predicted based on amino acid similarity of the predicted terminase (Casjens et al., 2005) .
However, it is common among all the relevant terminases that the large terminase subunit does not determine the cut sites through sequence specificity. All four nicks in LUZ24 and both nicks in PaP3 are at different sequences, suggesting that some other component of the packaging apparatus leads the terminase to its cut sites. This might explain how the large terminase subunits can be 97% identical between LUZ24 and PaP3 and yet participate in a different end cutting strategy. This hypothesis implies however that another (yet unspecified) function that must differ between LUZ24 and PaP3.
Despite the differences stated above, LUZ24 (isolated in Belgium) and PaP3 (isolated in China) remain closely related phages and represent a new genus within the Podoviridae family. The world-wide spread of closely related phages has been reported repeatedly, and maybe best illustrated by the occurrence of nearly identical structural gene sequences in environments as far-reaching as the Southern Ocean, the Gulf of Mexico and a melt-water pond on an Artic ice shelf (Short and Suttle, 2005) . LUZ24 and PaP3 lack sequence similarity to other phages, but the closely related gene map and a strikingly conserved order of structural genes suggest (very ancient) divergence from phages like P60, Pf-WMP4, SIO1 and VpV262.
Despite the enormous global phage diversity which arose through the course of evolution, the number of truly different phages infecting a given host appears to be finite. Our efforts to build a comprehensive view of the global genomic diversity among Pseudomonas phages will continue.
MATERIALS AND METHODS
Phage manipulations. Phage LUZ24 was isolated by spotting of a cleared and filtered (0.45
Âµm) hospital sewage sample (UZ Leuven, Belgium) on lawns of P. aeruginosa strain Li010.
The phage was amplified on solid plate cultures, concentrated by PEG8000 precipitation and purified by two successive CsCl gradient centrifugations. Phage particles were stained with 2% Uranyl acetate (pH 4.5), followed by electron microscope imaging performed according to Ackermann (2008) . Analysis of structural proteins, host range, pH stability, adsorption efficiency, latent period and burst size were performed as described elsewhere (Lavigne et al., 2006; Carlson, 2005; Ceyssens et al., 2008) . LUZ24 was sequenced by a combination of shotgun sequencing (pJET1 vector, Fermentas, Germany) and primer walking, followed by in silico characterization as described by Ceyssens et al., 2006 . Phage particles were destabilized by four successive rounds of freeze-thawing and sonication, heated for 10 min at 95Â°C and reduced in the presence of 10 mM DDT for 1 h at 56Â°C. Disulfide bounds were blocked by alkylation with 10 mM Iodoacetamide, followed by trypsinistation of the entire mixture and identification of structural phage particle proteins as described by Lavigne et al. (2006) .
In vivo splicing assay. P. aeruginosa Li010 was grown to an OD 600 of 0.4 and infected with LUZ24 at a multiplicity of 10 per cell. Ten minutes after infection, 4 ml cells were harvested and quickly frozen to -80Â°C. Total RNA was isolated using an RNAeasy mini-prep kit (QIAGEN), removing contaminating DNA with RNase-free DNase. Two microgram of total RNA was incubated with 20 pmol of the sequence-specific primer P R (5'-GCCAAAGGACAGTTAACCCCGAGGAGTTC-3'), followed by first-strand cDNA synthesis using the RevertAid TM H Minus kit (Fermentas). Resulting cDNA was purified, ten times diluted and used for PCR amplification and subsequent cycle sequencing with primers P R , P F (5'-ATCATCAGCCGCCAGAGTAAACGTGGAG-3') and internal primers P f1 (5'-GGGTAAGTGGAAGACTGTAGGAAAG-3'), P f2 (5'-GGGCTATGGCT-GATGAACGAG-3') and P ir (5'-CAATGACTTGTGGATCATCACGTCGCC-3').
The genome of bacteriophage LUZ24 is deposited at Genbank under accession number NC_010325.
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Figure 1. A. Electron microscopic image of a negatively stained LUZ24 particle. Scale bar represents 50 nm, capsid decorations are marked by arrows. B. Phage particle proteins separated on a 12% SDS-PAGE gel, in parallel to a LMW-size ladder (kDa). interrupting ORF34. Lanes 1, 2 and 3 of the 1% agarose gel contain PCR product obtained on LUZ24 DNA with primers P F -P R , P F -P ir and P f2 -P R , respectively. Lanes 4, 5 and 6 contain PCR product obtained from a cDNA template, using the same primer combinations. Lane 7, Smartladder (Eurogentec). 
